Aims/hypothesis We have previously described differences in adipose cell size distribution and expression of genes related to adipocyte differentiation in subcutaneous abdominal fat obtained from insulin-sensitive (IS) and -resistant (IR) persons, matched for degree of moderate obesity. To determine whether other biological properties also differ between IR and IS obese individuals, we quantified markers of inflammatory activity in adipose tissue from overweight IR and IS individuals. Methods Subcutaneous abdominal tissue was obtained from moderately obese women, divided into IR (n=14) and IS (n=19) subgroups by determining their steady-state plasma glucose (SSPG) concentrations during the insulin suppression test. Inflammatory activity was assessed by comparing expression of nine relevant genes and by immunohistochemical quantification of CD45-and CD68-containing cells. Results SSPG concentrations were approximately threefold higher in IR than in IS individuals. Expression levels of CD68, EMR1, IL8, IL6 and MCP/CCL2 mRNAs were modestly but significantly increased (p < 0.05) in IR compared with IS participants. Results of immunohistochemical staining were consistent with gene expression data, demonstrating modest differences between IR and IS individuals. Crown-like structures, in which macrophages surround single adipocytes, were rarely seen in tissue from either subgroup. Conclusions/interpretation A modest increase in inflammatory activity was seen in subcutaneous adipose tissue from IR compared with equally obese IS individuals. Together with previous evidence of impaired adipose cell differentiation in IR vs equally obese individuals, it appears that at least two biological processes in subcutaneous adipose tissue characterize the insulin-resistant state independent of obesity per se.
Introduction
Although it has been known for more than 40 years that overweight/obese individuals are more likely to be insulinresistant [1, 2] , it is still not clear why this is the case. Our lack of understanding is compounded by the fact that not all obese individuals are insulin-resistant [3, 4] , and we have recently published evidence that risk factors for type 2 diabetes and cardiovascular disease were markedly attenuated in the most insulin-sensitive third of 211 apparently healthy, obese individuals (BMI≥30.0<35.0 kg/m 2 ) compared with the most insulin-resistant third [5] . To gain insight into why equally obese individuals can differ so dramatically in insulin sensitivity, we have recently compared [6] adipose cell size distribution and gene expression profiles of abdominal subcutaneous tissue obtained from equally obese individuals, subdivided into insulin-resistant (IR) and insulin-sensitive (IS) subgroups. The results of that study indicated that obese, IR individuals have a relative increase in the proportion of small to large abdominal subcutaneous adipose cells compared with equally obese IS persons. In addition, expression of several genes related to adipose cell differentiation was two-to threefold lower in the IR individuals, suggesting that insulin resistance is characterised by a defect in adipose cell differentiation and fat storage capacity. Such a defect could contribute to insulin resistance by impairing the storage of excess triacylglycerol in adipose tissue, with its diversion to sites such as liver, muscle and pancreas, leading to metabolic abnormalities that characterise insulin resistance and its complications, such as fatty liver and type 2 diabetes.
On the other hand, other differences in the cellular and molecular function of adipose cells and/or tissue may exist that contribute to insulin resistance. In this regard, there is evidence that inflammation may play a role. For example, multiple regression analysis demonstrated that plasma Creactive protein concentrations were significantly independently related to BMI, systolic blood pressure and insulin sensitivity in a tri-ethnic study [7] . Furthermore, obesity appears to be associated with macrophage accumulation in adipose tissue [8] , and studies in Pima Indians have demonstrated increased expression of inflammation-related genes in both subcutaneous tissue [9] and cultured preadipocytes [10] obtained from obese compared with nonobese individuals. However, the latter studies were performed in extremely obese individuals and none of these studies differentiated between the adverse effects of obesity per se from those related to insulin resistance. Since obesity is not synonymous with insulin resistance and a significant portion of moderately obese individuals are insulin-sensitive [3, 4] , we initiated the present study to see whether insulin resistance is associated with inflammatory activity in adipose tissue independent of obesity. To accomplish this goal we stratified equally obese individuals into IR and IS subgroups and compared markers of inflammatory activity in subcutaneous abdominal adipose tissue.
Participants and methods
Participants The participants included 33 moderately obese, otherwise healthy women selected from a larger pool recruited to participate in research studies that entailed both quantification of insulin-mediated glucose disposal using a modified insulin suppression test (IST, see below) and a subcutaneous peri-umbilical adipose tissue biopsy. All participants were recruited by newspaper advertisement in the cities surrounding Stanford University. Participants were required to be 35-65 years of age, free of major organ disease, non-diabetic as defined by fasting plasma glucose concentration <7.0 mmol/l, with stable body weight for 3 months, not engaged in a weight loss programme, and not taking lipid-lowering medications, including fish oil/alpha omega fatty acids, steroid preparations or medications for weight loss. Participants with a history of eating disorder, bariatric surgery or liposuction were excluded, as were pregnant or lactating participants. From the larger participant pool we identified participants with a BMI≥ 27.0<35.0 kg/m 2 and whose IST results put them in the highest or lowest 40th percentile of insulin sensitivity. The study was approved by the Stanford University Human Subjects Committee and all participants gave written, informed consent.
Quantification of insulin-mediated glucose disposal and other clinical measurements Insulin-mediated glucose disposal was quantified by a modification [11] of the IST as originally described and validated [12, 13] . Briefly, participants were infused for 240 min with octreotide (0.27 µg m −2 min −1 ) (to suppress endogenous insulin secretion), insulin (25 mU m −2 min −1 ) and glucose (240 mg m −2 min −1 ). Blood was drawn at 10 min intervals from 210 to 240 min of the infusion to measure plasma glucose and insulin concentrations, and the mean of these four values was used as the steady-state plasma insulin (SSPI) and glucose (SSPG) concentration for each individual. As SSPI concentrations are similar in all participants during these tests, the SSPG concentration provides a direct measure of the ability of insulin to mediate disposal of an infused glucose load; the higher the SSPG concentration, the more insulin-resistant the individual. Using the distri-bution of SSPG concentrations in 449 apparently healthy individuals with BMI distribution similar to that in National Health and Nutrition Examination Surveys (NHANES) [14] , we classified those individuals whose SSPG concentrations put them in the upper 40% of the reference group as being IR and those whose SSPG concentrations were in the lower 40% as being IS. Participants not fitting into these operational definitions of insulin resistance and sensitivity were excluded from further study.
Other clinical and laboratory measurements After a 12 h overnight fast, plasma glucose, insulin and lipid/lipoprotein concentrations were measured as previously described [4, 5] . Other experimental measurements included weight, measured with the participant in light clothing and bare feet; height; BMI, calculated as weight (kg) divided by height (m 2 ); waist circumference, measured at endexpiration as the point midway between the iliac crest and lower costal margin; race/ethnicity; and blood pressure (average of six readings taken after sitting quietly for 5 min).
Subcutaneous abdominal fat biopsy and quantitative real time PCR for markers of inflammation Subcutaneous abdominal fat biopsies were performed under sterile conditions by scalpel incision inferior to the umbilicus, as previously described [6] . Total RNA was extracted from flash-frozen biopsy samples using TRIzol (Life Technologies, Gaithersburg, MD, USA) and the Adipose Tissue RNAeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturers' instructions. After DNase treatment, cDNA was synthesised from 5 mg of total RNA using Maloney murine leukaemia virus reverse transcriptase (SuperScript II kit; Invitrogen). Taqman primer/probe sets for markers of inflammatory cell infiltrate (CD14, CD45 [also known as PTPRC] and CD68), egf-like module containing, mucinlike, hormone receptor-like 1 (EMR1), the interleukin genes IL6 and IL8, inducible nitric oxide synthase (iNOS, also known as NOS2A), monocyte chemotactic protein-1 (CCL2, also known as MCP1), tumour necrosis factor (TNF-α, also known as TNF) and 18S ribosomal RNA were obtained from Applied Biosystems (Foster City, CA, USA). Amplification was carried out in triplicate on an ABI Prism 7700 sequence detector at 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min A threshold cycle (CT value) was obtained from each amplification curve and a ΔCT value was first calculated by subtracting the CT value for 18S ribosomal RNA from the CT value for each sample. A ΔΔCT value was then calculated by subtracting the ΔCT value of a single insulinsensitive participant (control). Fold changes compared with the control were then determined by raising 2 to the ΔΔCT power.
Immunohistochemistry Adipose tissue biopsies from a subgroup of 16 participants (seven IS, nine IR) were fixed in formalin and embedded in paraffin. Paraffin sections (5 μm) were processed for immunohistochemical analysis using primary antibodies for CD45 and CD68 (Novocastra Laboratories, Newcastle, UK). Immunogenicity was visualised with a standard avidin-biotin-peroxidase technique (Vector Laboratories, Burlingame, CA, USA). All sections were counterstained with Harris haematoxylin. For each section, the proportion of cells expressing these markers was quantified by two blinded observers by light microscopy and normalised per high-power field (×40).
Statistical analysis
analysis. Non-normally distributed variables (triacylglycerol) were log-transformed for analysis. The primary endpoint was the comparison of real-time PCR relative fold expression of inflammatory genes in the IR and IS subgroups by Student's unpaired t test. The secondary endpoint was the between-group comparison of the proportion of cells expressing leucocyte/macrophage markers (CD45 and CD68). The mean number of cells per highpower field was compared between IR and IS by the unpaired Student's t test. Immunohistochemistry was also used in a supporting manner to determine qualitatively whether inflammatory cells were concentrated around single adipose cells (crown-like structures). Statistical significance was accepted at p<0.05.
Results
Demographic, clinical and laboratory characteristics of the IS and IR groups are compared in Table 1 . The only statistically significant difference between the two groups was the SSPG concentration, which by design was approximately threefold higher in the IR group than in the IS group. Figure 1 depicts the relative expression levels of genes associated with inflammation in IS vs IR women. The expression of five of the nine genes compared was significantly greater in adipose tissue from the insulinresistant women (CD68, IL8, IL6, EMR1 and MCP/CCL2), and one difference (CD45) was of borderline significance (p=0.05). It is also apparent from these data that in some cases the magnitude of the differences between the two groups was modest, with increases as low as 5% (MCP/ CCL2), and in only two cases was the relative activity of the IR individuals increased more than twofold compared with the IS women (IL8 and IL6). Table 2 , and the quantitative analysis of these findings was consistent with the gene expression data in that modest differences between IR and IS individuals were seen. Specifically, cells positive for CD45 (leucocyte marker) and CD68 (macrophage marker), quantified as cells per high-power field, revealed more CD45-positive cells in the IR than in the IS women (p=0.048), and a trend (p=0.07) towards a greater number of CD68-positive cells in the IR group. It can be seen by looking at Tables 1 and 2 that the ages and BMI values of the subgroup of IS and IR individuals whose tissues were analysed were comparable with those of the entire study population. Figure 2 depicts sections of subcutaneous adipose tissue from IS and IR participants stained for CD45 (leucocyte marker) and CD68 (macrophage marker). Images shown were chosen to be representative of the IS and IR subgroups. Panels a and b represent CD45-stained sections from an IS and an IR participant, respectively, and panels c and d represent CD68-stained sections from an IS and an IR participant, respectively. As with the quantitative data in Table 2 , this figure emphasises the small number of CD45-positive and CD68-positive cells seen in sections of adipose tissue of either IR or IS participants.
A comparison of the immunohistochemical staining results in a subgroup of IS and IR women is shown in
The presence of crown-like structures, in which macrophages surround single adipocytes, was rarely seen in the samples of adipose tissue from either IS or IR participants. Indeed, we found clear evidence of this in only one participant (Fig. 2e) , an IS individual (BMI 32.5 kg/m 2 ). Partial crown-like structures were also seen in one IR woman with a BMI of 35.8 kg/m 2 ( Fig. 2f) , and it is possible that there would be more evidence of these structures if we had studied massively obese women.
Discussion
The results of this study indicate that the expression of five, possibly six, of the inflammatory genes measured had higher values in adipose tissue of IR women than in that of IS women. In addition, a significantly greater accumulation of CD45-positive cells was observed in adipose tissue of IR individuals. The IR and IS women were equally obese, with values for BMI and waist circumference that were not significantly different, but by selection differed approximately threefold in terms of insulin sensitivity. Thus, we Fig. 1 Inflammatory gene expression (mean±SE) in adipose tissue from insulin-sensitive (black columns, n=19) and insulin-resistant (grey columns, n=14) women. Expression levels are relative to a single insulin-sensitive control (the most insulin-sensitive subject) believe it justified to conclude that the inflammatory behaviour of subcutaneous adipose tissue differs as a function of insulin sensitivity in women with comparable degrees of moderate obesity. These findings have several possible interpretations, for example, the inflammatory changes could play a major role in the development of insulin resistance. However, the fact that the differences in inflammatory gene expression in the adipose tissue of IR vs IS individuals were modest and that CD45-positive and CD68-positive cells were seen relatively rarely in the adipose tissue, irrespective of the degree of insulin sensitivity, seems to make this possibility less likely. Alternatively, inflammation might be a consequence of insulin resistance, or of adipose cell stress that results from relative inability to store triacylglycerol in existing adipose cells. It seems most reasonable to conclude that although inflammation in adipose tissue may contribute to the development of insulin resistance, it is unlikely to be the major factor in moderately obese individuals. Perhaps the most prudent way to view our results is that they identify another manner in which the adipose tissue of equally obese individuals varies as a function of dramatic differences in insulin sensitivity. In our previous study [6] we described a shift in fat cell distribution, with IR individuals having a relatively greater proportion of smaller fat cells compared with equally obese IS persons. Furthermore, several genetic markers of adipocyte differentiation were significantly decreased in the IR individuals. These findings led to the speculation that fat storage capacity is reduced in obese IR individuals, making it more likely that excess calories will be deposited as ectopic fat and thus contribute to the loss of insulin sensitivity. The current findings suggest that the adipose tissue of equally obese individuals differs in an additional manner, with evidence of modestly increased inflammation in IR relative to IS individuals.
Our findings that inflammatory changes are increased in subcutaneous adipose tissue from IR compared with equally obese IS women must be viewed in light of the fact that comparisons of IR with IS individuals were performed only in women and similar differences may not be observed in men. Since the two groups of women differed in terms of insulin sensitivity, but not in terms of either BMI or waist circumference, the inflammatory changes observed in the adipose tissue of IR women seem likely to be related to insulin resistance rather than adiposity per se. The fact that our study population was only moderately overweight/obese may account for why the inflammatory changes we noted in adipose tissue of IR women were modest compared with several previous studies performed in relatively massively obese rodents and people [8] [9] [10] [15] [16] [17] [18] . For example, reports in animals and humans have suggested that macrophages may surround adipocytes in an enlarged and/or necrotic crown-like structure, that giant multinucleated cells form to scavenge free lipid droplets, and that enlargement of adipose cells may trigger inflammation in adipose tissue via this mechanism [8, 18] . We did not observe this pattern, and although both leucocytes and macrophages were scattered throughout the tissue in the IR and IS participants, in only one participant was evidence of crown-like structures observed: an IS woman who was not particularly obese and did not have a history of trauma that might have contributed to fat 'necrosis'. However, the BMI in our population ranged from ≥27.0 to <35.0 kg/m 2 , in contrast to BMI values ranging from 19.4 to 60.1 kg/m 2 in the study by Weisberg and associates, in which 7/14 had a BMI ≥40 kg/m 2 [8] . Similarly, in the study by Cinti et al. [18] the most striking changes were seen in the subset of individuals with BMI values >30<45 kg/m 2 . Since these earlier studies defined a relationship between the degree of obesity and evidence of inflammation, it is not clear what we would have seen had we enrolled participants with a greater degree of excess adiposity.
In conclusion, the results of our previous study showing that differences in cell size distribution and adipocyte differentiation exist as a function of differences in insulin sensitivity [6] plus the present results demonstrating that inflammation is increased in adipose tissue of IR women suggest that these differences, and potentially other as yet unidentified changes in adipose tissue, are related to insulin resistance independent of obesity. The changes noted so far provide possible explanations for the fact that insulin sensitivity can differ dramatically among equally obese individuals. In other words, it is not solely fat mass that determines insulin resistance, but rather the biological properties of the adipose tissue. While the relative importance and directionality of the relationships between impaired adipocyte differentiation, inflammation and insulin resistance are unclear, as are potential intermediary mechanisms such as ectopic fat storage or alterations in circulating cytokines, it does seem worthwhile to continue efforts to increase understanding of the biological basis of insulin resistance in association with obesity.
